Background: Glyphosate is the most commonly used herbicide worldwide, with both residential and agricultural uses. In 2015, the International Agency for Research on Cancer classified glyphosate as "probably carcinogenic to humans," noting strong mechanistic evidence and positive associations for non-Hodgkin lymphoma (NHL) in some epidemiologic studies. A previous evaluation in the Agricultural Health Study (AHS) with follow-up through 2001 found no statistically significant associations with glyphosate use and cancer at any site. Methods: The AHS is a prospective cohort of licensed pesticide applicators from North Carolina and Iowa. Here, we updated the previous evaluation of glyphosate with cancer incidence from registry linkages through 2012 (North Carolina)/2013 (Iowa). Lifetime days and intensity-weighted lifetime days of glyphosate use were based on self-reported information from enrollment (1993-1997) and follow-up questionnaires (1999-2005). We estimated incidence rate ratios (RRs) and 95% confidence intervals (CIs) using Poisson regression, controlling for potential confounders, including use of other pesticides. All statistical tests were two-sided. Results: Among 54 251 applicators, 44 932 (82.8%) used glyphosate, including 5779 incident cancer cases (79.3% of all cases). In unlagged analyses, glyphosate was not statistically significantly associated with cancer at any site. However, among applicators in the highest exposure quartile, there was an increased risk of acute myeloid leukemia (AML) compared with never users (RR ¼ 2.44, 95% CI ¼ 0.94 to 6.32, P trend ¼ .11), though this association was not statistically significant. Results for AML were similar with a five-year (RR Quartile 4 ¼ 2.32, 95% CI ¼ 0.98 to 5.51, P trend ¼ .07) and 20-year exposure lag (RR Tertile 3 ¼ 2.04, 95% CI ¼ 1.05 to 3.97, P trend ¼ .04). Conclusions: In this large, prospective cohort study, no association was apparent between glyphosate and any solid tumors or lymphoid malignancies overall, including NHL and its subtypes. There was some evidence of increased risk of AML among the highest exposed group that requires confirmation.
herbicides in the United States. As of 2010, more than 750 products containing glyphosate were on the US market, and it was registered for use in more than 130 countries (2) .
Glyphosate is an organophosphorus compound that interferes with the synthesis of aromatic amino acids by inhibiting the enzyme 5-enolpyruvylshikimate-3-phosphate synthase, which is responsible for biosynthesis of the aromatic amino acids phenylalanine, tyrosine, and tryptophan via the shikimate pathway, a mechanism specific to plants. In its 1993 re-registration decision, the US Environmental Protection Agency determined that there were no "unreasonable risks or adverse effects to humans or the environment" and indicated that all uses were eligible for registration (3) . However, concerns about glyphosate's possible effects on human health have persisted. In 2015, the International Agency for Research on Cancer (IARC) classified glyphosate as "probably carcinogenic to humans." The IARC Working Group cited sufficient evidence for the carcinogenicity of glyphosate in experimental animals, as well as strong evidence that exposure to glyphosate is genotoxic and can induce oxidative stress in experimental animals and in humans in vitro. In addition, they reported limited evidence in humans, noting increased risk of non-Hodgkin lymphoma (NHL) in some epidemiologic studies (4) .
In 2005, an evaluation of glyphosate and cancer risk was conducted in the Agricultural Health Study (AHS) (5) . This evaluation considered glyphosate use reported at enrollment (1993) (1994) (1995) (1996) (1997) , and included 2088 cancers diagnosed between enrollment and 2001. No statistically significant associations were found for any cancer sites, including NHL, but there was an increased risk, though not statistically significant, of multiple myeloma in the highest exposure category based on a small number of cases. Here we have updated this early report, extending cancer incidence follow-up through 2012 (North Carolina)/2013 (Iowa) with 7290 incident cancer cases, and included additional exposure information from a follow-up questionnaire.
Methods

Study Design
The Agricultural Health Study (AHS) is a prospective cohort of licensed pesticide applicators enrolled in Iowa or North Carolina, which has been described elsewhere (6) . Briefly, 57 310 individuals seeking licenses to apply restricted-use pesticides were enrolled between 1993 and 1997. Of the enrolled participants, 63% completed a follow-up phone interview approximately five years after enrollment (1999) (2000) (2001) (2002) (2003) (2004) (2005) . The study questionnaires are available on the AHS website (www.aghealth.nih.gov/collaboration/question naires.html). Incident cancer diagnoses were ascertained via linkage to cancer registries in Iowa (enrollment through 2013) and North Carolina (enrollment through 2012). Cancer diagnoses were classified according the International Classification of DiseaseOncology, 3rd Revision (7). Subtypes of lymphoid malignancies were defined according to the Surveillance, Epidemiology, and End Results Program Lymphoma Subtype Recodes (http://seer.can cer.gov/lymphomarecode/lymphoma-orig.html). Vital status was ascertained via state mortality registries and the National Death Index, and state of residence was regularly updated. The study has been approved by the Special Studies Institutional Review Board of the National Cancer Institute, and relevant contractors.
Exposure Assessment
Lifetime use of glyphosate and 49 other pesticides was ascertained at enrollment and in the follow-up questionnaire.
At enrollment, applicators reported the number of years and days per year each pesticide was used, while at follow-up applicators reported the number of days each pesticide was used in the most recent year farmed. Using this information, three metrics of cumulative lifetime exposure were created for each pesticide: ever/never use, lifetime days of use (days per year Â number of years), and intensity-weighted lifetime days (lifetime days Â intensity score). The intensity score was derived from an algorithm based on literature-based measurements and information provided by the applicator, specifically whether the participant mixed or applied pesticides, repaired pesticide-related equipment, used personal protective equipment, and application method used (8) . For participants who did not complete the follow-up questionnaire (37%), a data-driven multiple imputation procedure was used to impute pesticide use since enrollment (9) . Factors used to impute pesticide use included demographic data and medical history, as well as factors related to farm characteristics and reported pesticide use at enrollment. Primary results presented here use both self-reported and imputed data to calculate glyphosate exposure metrics.
Statistical Analysis
For this analysis, we excluded individuals who had a history of cancer at enrollment (n ¼ 1096), did not live in North Carolina or Iowa (n ¼ 343), or did not report information regarding glyphosate use at enrollment (n ¼ 1620), resulting in an analytic sample of 54 251 applicators. Individuals accumulated person-time from enrollment until the earliest of the following events: movement out of state, diagnosis of cancer, death, or end of the follow-up period (December 31, 2012 in NC, December 31, 2013 in IA). We used Poisson regression to calculate incidence rate ratios (RRs) and 95% confidence intervals (CIs), and PROC MIANALYZE to obtain the appropriate variance for the imputed data (SAS v.9.3, SAS Institute Inc., Cary, NC). All tests were twosided and considered to be statistically significant at an a of .05. Risks for total cancer and for cancer sites with at least 20 exposed cases were evaluated. Based on the distribution among all cancer cases, we categorized cumulative lifetime days and intensity-weighted lifetime days of glyphosate exposure into quartiles, tertiles, or the median, such that there were at least five exposed cases in each category. The categories for lifetime days of glyphosate use are as follows: quartiles: 1-13.74, 13.75-38.74, 38.75-108.4, !108.5; tertiles: 1-19.9, 20.0-61.9, !62.0; median: 1-38.74, !38.75. Using the Wald test, linear trend was evaluated using the median of each exposure category as a continuous variable. Risk estimates were adjusted for attained age (continuous), cigarette smoking status (never, former, current), alcohol drinks per month (none, <7 per month, !7 per month), family history of any cancer (yes, no), state of recruitment (North Carolina, Iowa), and the five pesticides most highly correlated with glyphosate based on lifetime days and intensity-weighted lifetime days (r > 0.4: atrazine, alachlor, metolachlor, trifluralin, 2,4-D). We also evaluated lagged exposure. We calculated cumulative exposure for each year of follow-up until cancer diagnosis, death, movement out of state, or end of cohort cancer incidence follow-up; we then subtracted the lag interval of 5, 10, 15, or 20 years. We evaluated other potential confounding factors, including body mass index (BMI; <25, 25-<30, !30 kg/m 2 ) and pack-years of cigarettes smoked (tertiles of use among former and current smokers). The number of women and nonwhites was small, precluding adjustment for sex and race for most cancer sites; in sensitivity analyses, we assessed the risks in men and whites alone. For lymphohematopoietic cancers, we additionally adjusted for occupational exposure to solvents, gasoline, x-ray radiation, and engine exhaust, and pesticides linked to lymphohematopoietic malignancies in previous AHS analyses (lindane, DDT, diazinon, terbufos, and permethrin) (10, 11) . We also calculated the risk of NHL excluding multiple myeloma for comparison with previously published studies.
In addition, we conducted sensitivity analyses to evaluate the impact of including additional exposure information. First, we calculated risk estimates including cancer incidence data for the complete follow-up period with only exposure information collected at enrollment. Second, we examined associations excluding imputed exposure data, thereby limiting analyses to participants who completed both the enrollment and follow-up questionnaires. Finally, because the last exposure information was collected between 1999 and 2005, we truncated follow-up at 2005 to coincide with this exposure period.
Results
Among 54 251 participants, 44 932 (82.8%) reported ever using glyphosate at enrollment or follow-up. Among the participants who used glyphosate, the median lifetime days of use was 48 (interquartile range [IQR] ¼ 20-166 days), and the median lifetime years of use was 8.5 (IQR ¼ 5-14 years). A total of 7290 incident cancers were diagnosed during the follow-up period. Among the participants who used glyphosate and were diagnosed with cancer during follow-up (n ¼ 5779), the median lifetime days of use was 38.75 (IQR ¼ 13.75-108.5 days), and the median lifetime years of use was 8.0 (IQR ¼ 3.5-13.0). Selected characteristics of the study participants by glyphosate use are presented in Table 1 . Those with the median or greater lifetime days of glyphosate use were younger and more likely to be male and NC residents than those with less than the median lifetime days of use and never users of glyphosate. Also, those with higher use were more likely to have a higher education level, drink alcohol more frequently, and have a family history of cancer.
Risk ratios for unlagged intensity-weighted lifetime days of glyphosate use and cancer risk are shown in Table 2 . Glyphosate use was not associated with total cancer (RR Quartile 4 ¼ 0.99, 95% CI ¼ 0.91 to 1.08, P trend ¼ .91) or with lymphohematopoietic malignancies (n ¼ 543 exposed cases; RR Quartile 4 ¼ 1.00, 95% CI ¼ 0.74 to 1.34, P trend ¼ .43). There also was no evidence for associations with NHL or any NHL subtypes. The rate ratio in the top exposure quartile was 0.87 for NHL (n ¼ 440 exposed cases; 95% CI ¼ 0.64 to 1.20, P trend ¼ .95) and 0.87 for multiple myeloma (n ¼ 88 exposed cases; 95% CI ¼ 0.45 to 1.69, P trend ¼ .84). The association for NHL was not meaningfully changed when multiple myeloma was excluded (RR ¼ 0.85, 95% CI ¼ 0.62 to 1.18, P trend ¼ .94; data not shown). Although not statistically significant, we observed an increased risk of acute myeloid leukemia (AML; n ¼ 57 exposed cases) among applicators in the highest quartile of intensityweighted glyphosate use compared with never users (RR ¼ 2.44, 95% CI ¼ 0.94 to 6.32, P trend ¼ .11). These findings were unchanged in sensitivity analyses, including further adjustment for additional potential confounders, or by exclusion of women and nonwhites. Results based on lifetime days of glyphosate use and cancer risk were similar to the results for intensity-weighted lifetime days (Supplementary Table 1 , available online).
We evaluated the impact of lagging exposure on risk estimates for lymphohematopoietic cancers. Results for five-and 20-year lags are presented in Table 3 . Overall, the patterns of risk for lagged exposures were similar to those for unlagged exposures. For all lymphohematopoietic cancers, the rate ratio in the highest quartile of intensity-weighted lifetime days of Table 3 , available online).
In primary analyses, we included exposure information reported at two time points, at enrollment and at a follow-up interview five years later. Among the 54 251 applicators in this analysis, 44 932 (82.8%) reported ever using glyphosate, with 40 987 (75.6%) reporting use prior to enrollment. We conducted several sensitivity analyses evaluating the impact of including exposure data obtained at the two time points. When restricted to exposure reported at enrollment, the patterns of risk were the same as analyses that considered glyphosate use reported at enrollment and follow-up. For example, when using only exposure information reported at enrollment, the rate ratio in the highest exposure quartile was 0.82 (95% CI ¼ 0.62 to 1.80, P trend ¼ .82) for NHL (n ¼ 428 exposed cases) and 2.62 (95% CI ¼ 1.14 to 6.07, P trend ¼ .03) for AML (n ¼ 61 exposed cases; data not shown). To evaluate the impact of using imputed exposure data for participants who did not complete the follow-up questionnaire, we limited the analysis to 34 698 participants who completed both questionnaires, reducing the total number of cancer cases to 4699. Glyphosate use was not associated with NHL (n ¼ 306 total cases; RR Quartile 4 ¼ 0.90, 95% CI ¼ 0.63 to 1.27, P trend ¼ .54), and there was a nonstatistically significantly elevated risk for AML (n ¼ 35 exposed cases; RR Tertile3 ¼ 2.64, 95% CI ¼ 0.78 to 6.86, P trend ¼ .18; data not shown). Finally, when we truncated the follow-up period to 2005 to be concurrent with the latest exposure information, we had even fewer total cancer cases (n ¼ 2588 exposed cases). For NHL (n ¼ 193 exposed cases), the RR Quartile4 was 1.04 (95% CI ¼ 0.70 to 1.57, P trend ¼ .83); for AML (n ¼ 26 exposed cases), the RR Tertile3 was 1.56 (95% CI ¼ 0.44 to 5.57, P trend ¼ .49; data not shown). 
Discussion
In this updated evaluation of glyphosate use and cancer risk in a large prospective study of pesticide applicators, we observed no associations between glyphosate use and overall cancer risk or with total lymphohematopoietic cancers, including NHL and multiple myeloma. However, there was some evidence of an increased risk of AML for applicators, particularly in the highest category of glyphosate exposure compared with never users of glyphosate. Like other hematological malignancies, AML is thought to result from multiple genetic and environmental factors (12) . Occupational farming and general pesticide exposure have long been linked to leukemia (13) . In 2007, a meta-analysis of occupational pesticide exposure found a statistically significant risk of AML when restricting to cohort studies (meta RR ¼ 1.55, 95% CI ¼ 1.02 to 2.34) (14) , although specific chemicals were not evaluated. One case-control study that evaluated glyphosate use found no evidence of an association with leukemia overall based on 15 exposed cases and did not report results for AML (15) . Similarly, in the previous AHS analysis, there was no association with leukemia overall based on 32 exposed cases, and AML was not evaluated (5). To our knowledge, our study is the first to report a possible association between glyphosate use and AML.
Risk estimates were similar in magnitude between the unlagged and lagged exposure analyses for all sites evaluated. For AML, there were elevated risks in the highest exposure categories, and statistically significant or borderline significant tests of trend for unlagged and lagged analyses. The latent period between relevant exposure and AML diagnosis is unknown, and it may vary by type of exposure and population characteristics (12) . Most studies of established AML risk factors, such as benzene, suggest a relatively short latency period (less than five years) (16) , as do studies of therapy-induced AML (five to seven years) (17) . Long-term studies of radiation-exposed populations have reported elevated risks of AML up to 55 years after exposure (18) .
The IARC Working Group noted strong evidence of genotoxicity and oxidative stress effects from glyphosate exposure (4). In particular, they highlighted two studies in communities exposed to glyphosate through aerial spraying that showed 
evidence of DNA damage, including strand breaks (19) and micronuclei (20) . A third study, where blood was collected up to two years after putative glyphosate exposure, showed no effects (21) . Several in vitro studies also reported genotoxic effects (4). There were no human studies evaluating oxidative stress, but multiple in vitro studies have reported an increase in these markers in a number of different cell types (4).
In our study, we observed no associations between glyphosate use and NHL overall or any of its subtypes. This lack of association was consistent for both exposure metrics, unlagged and lagged analyses, after further adjustment for pesticides linked to NHL in previous AHS analyses, and when we excluded multiple myeloma from the NHL grouping. The lack of association between glyphosate and NHL is also consistent with the previous AHS analysis (5) . However, three case-control studies reported increased risks of NHL with glyphosate exposure (22) (23) (24) . Another study reported a statistically significant association between glyphosate and NHL, but the association was attenuated when controlling for other pesticides (25) . Two other case-control studies evaluated glyphosate and NHL risk, but had limited power (n ¼ 12 and n ¼ 4 exposed cases) (26, 27) . All of these studies, including the AHS, relied on self-reported pesticide use for exposure assessment, and registry-or hospital-based cancer diagnoses. However, some study design differences are important to note. First, the AHS is a prospective cohort study, while the others are case-control studies. While exposure misclassification is possible in all studies, recall bias should not occur in the AHS because pesticide use was ascertained prior to cancer diagnosis. Second, this AHS analysis includes only licensed pesticide applicators who have been shown to reliably report their pesticide use (28, 29) . In this analysis, we controlled for the use of correlated pesticides, which was not possible in all previous studies. At least one study showed evidence of confounding by the use of other pesticides (25) . In our study, controlling for other pesticides did not change the risk estimates. Finally, it is important to note that these studies have been conducted in different time periods; changing agricultural practices, such as pesticide application methods and use of personal protective equipment, may impact actual exposure levels. In addition, if changing product formulations or amounts used are associated with risk, this may also impact results.
The non-statistically significant increase in multiple myeloma noted in the previous AHS analysis (RR ¼ 2.1, 95% CI ¼ 0.6 to 7.0 for the highest intensity-weighted exposure category) was based on 19 exposed cases with a median follow-up of 6.7 years (5). This association was not evident in this update, with an extended follow-up of 17.5 years and 88 exposed cases. Three case-control studies, one in Iowa, (30) , one in France (26) , and one in Canada (31), also suggested possible positive associations between glyphosate and multiple myeloma. Subsequently, a pooled analysis of the Iowa and Canadian studies reported a null association with multiple myeloma based on 32 exposed cases (odds ratio ¼ 0.94, 95% CI ¼ 0.44 to 1.99 for the highest exposure) (32) .
In this prospective cohort study, we expanded a previous analysis of glyphosate use and cancer risk with more than 11 years of additional follow-up and more than four times the number of glyphosate-exposed cancer cases (n ¼ 5779 compared with n ¼ 1324). We also included additional information on pesticide use from a follow-up questionnaire that was administered five years after enrollment and completed by 63% of the participants. We imputed glyphosate exposure information for participants who did not complete the follow-up questionnaire to evaluate cancer risk in the full cohort. Results for the full cohort (including imputed data) were similar to those that did not include imputed data, but only included people who completed the follow-up questionnaire. Finally, we truncated cancer incidence follow-up in 2005 to be concurrent with the last exposure information. Based on 26 exposed cases, the association with AML was attenuated, but still elevated.
This evaluation has some limitations that should be acknowledged. First, despite the specific information provided by the applicators about use of glyphosate, some misclassification of exposure undoubtedly occurred. Given the prospective design, however, any misclassification should be nondifferential and lead to attenuated risk estimates. Second, because we evaluated many cancer sites for potential associations with glyphosate use, we cannot dismiss the possibility that these results were observed by chance, and thus should be interpreted with caution. The fact that no other studies have reported an association between glyphosate and AML risk also calls for cautious interpretation. However, the observed consistent pattern of increasing risk with increasing exposure and the statistically significant trend with lagged exposure of 10 or more years is concerning.
In conclusion, we found no evidence of an association between glyphosate use and risk of any solid tumors or lymphoid malignancies, including NHL and its subtypes. However, we found some evidence of a possible association between glyphosate use and AML. This association was consistent across different exposure metrics and for unlagged and lagged exposure. Given the prevalence of use of this herbicide worldwide, expeditious efforts to replicate these findings are warranted.
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